Molecular dynamics simulations are used to investigate the separation of water films adjacent to a hot metal surface. The simulations clearly show that the water layers nearest the surface overheat and undergo explosive boiling. For thick films, the expansion of the vaporized molecules near the surface forces the outer water layers to move away from the surface. These results are of interest for mass spectrometry of biological molecules, steam cleaning of surfaces, and medical procedures.
Introduction
Transparent fluids withdraw from a surface when an absorbing substrate is irradiated with an intense laser pulse. This phenomenon is central to a number of processes including eye surgery, selective killing of cells by irradiation of incorporated absorbing particles, 1 steam cleaning of surfaces, 2 and laser desorption mass spectrometry experiments of large biomolecules. [3] [4] [5] To understand the separation of a fluid from a laserheated substrate, optical reflectance and scattering studies 6, 7 as well as photoacoustic experiments 8 have been performed. These studies and others 3, 5, 9 suggest that a fast explosive phase transition occurs in the fluid adjacent to the irradiated surface.
The separation of the fluid from the absorbing particle is pictorially demonstrated in the high-speed imaging experiments of melanosomes irradiated by a 30 ps laser pulse. 10 In these experiments, the melanosomes that consist of absorbing pigment particles are embedded in a transparent liquid medium. Within 0.5 ns after the laser pulse, bubbles are visible only around the melanosomes and not within the liquid medium, indicating that the gas formation was localized adjacent to the surface of the absorbing particles. It was also noted that a threshold laser fluence was required to create the bubbles or film separation.
For laser desorption experiments, a biomolecule, e.g., DNA, is dissolved in water, deposited onto a metal substrate as a thin film, and frozen to 77 K. 3, 4, 5 The system is then irradiated with a laser pulse that goes through the transparent ice film and is absorbed by the substrate. The DNA molecule is desorbed intact directly into a mass spectrometer for molecular weight measurement. At this point, there are reproducibility problems with the experiment that appear to make it impractical for mass spectrometry. 4, 5 These problems may arise from film thickness dependencies, metal surface chemistry issues, or concentration variations of the biomolecule. On the basis of the experimental protocol, steam cleaning of surfaces may have very similar physical processes occurring.
Despite suggestions in previous studies of the important physical processes involved, a detailed microscopic description of the events occurring at the interface between a fluid and a hot substrate is still lacking. In this paper, we present molecular dynamics (MD) simulations aimed at obtaining such a microscopic picture. Because of the importance of H 2 O in many of the experiments, we have chosen it as our system. Water is also attractive as a system because of the extensive literature available on its physical properties. The interaction potentials available for MD simulations of H 2 O are sufficiently reliable such that a quantitative analysis of the simulation results can be directly related to the thermodynamic parameters of water. From the variety of substrate materials used in different experiments, we have chosen to perform our first simulations using Au. This substance is chosen to match preliminary experiments with the selective killing of cells by inserted Au nanoparticles 11 and because of the availability of good interaction potentials for gold. In the simulations, we heat the Au substrate up to 1000 K. Calculations are performed for H 2 O overlayers of different thickness. The motion of the H 2 O overlayer, especially near the Au surface, is monitored pictorially and is explained in terms of the temperature gradients that develop in the film. The results show that the explosive boiling of the water film occurs near the surface and that the outward force from the phase transition separates the film from the metal creating a low-density region. We believe that the model presented here provides the basis for understanding of the molecular-level processes leading to the separation of a H 2 O film from a heated substrate. many of the properties of bulk 16 H 2 O and the liquid/vapor interface 22 of H 2 O. In the SPC model, the molecular interaction potential U inter consists of an electrostatic component U electrostatic describing the charge-charge interaction between pairs of atoms in the two molecules. In order to describe the dispersion and repulsive interactions between the two oxygen sites, a LennardJones function U LJ is included. The total interaction potential between molecules i and j is given as where r ij is the distance between oxygen atoms and the summation runs over the partial charges k and l of the molecules. All parameters in eq 1 are listed in Table 1 .
The electrostatic term in eq 1 requires special care in the simulations because it is long-ranged and, typically, MD simulations use periodic boundary conditions in which only particles within a given cutoff distance are included in the force calculation. One approach for including all of the electrostatic interactions is to use an Ewald summation. 12 The violent motion that occurs in the simulations presented here, however, makes the Ewald prescription challenging. Another approach for handling the electrostatic interaction is to switch it off at a distance r off . [23] [24] [25] There are a number of switching approaches including smoothly switching off the potential or/and the force. We have chosen to modify the electrostatic potential by a force shifting approach. 24 In this method, the electrostatic term is modified by a force shifting function S 1 (r) as where the force shifting function is given by
The force shifted potential U′ electrostatic yields a smooth variation in the electrostatic interaction force by shifting the force from the true Coulombic force by a constant. Because of the absence of discontinuities in the force, this scheme results in smaller fluctuations in the total energy during the MD simulation than other truncation schemes, such as the spherical cutoff method and the switch potential method. 24 The force-shifted potential significantly alters the individual short-range interactions of charged atoms because it modifies the potential at all distances. The electrostatic interactions in water, however, are used to create a net dipole-dipole interaction by near cancellation of repulsive and attractive ionic terms. Consequently, the corrections due to shifting the force tend to be canceled. Using an integral equation method, Brooks et al. have shown that the force shift potential is able to reproduce more accurately the short-range structure of H 2 O than the shifted potential. 23 More recently, Prevost et al. calculated the structural and dynamical properties of liquid water using the shifted and force shifted potentials and compared the results with those obtained using an Ewald summation. 25 They found that the radial pair distribution functions, the mean potential energy, and the diffusion coefficient calculated are closer to the Ewald results using the force shifted potential than using the shifted potential.
Au-Au Interaction. The Au-Au interactions are represented by the MD/Monte Carlo corrected effective medium (MD/MC-CEM) potential function for fcc metals. 26 This potential has been fit to bulk properties of Au as well as to the low coordination configuration of Au 2 . Most importantly, it reasonably reproduces the experimental surface energy of Au. 27 The potential function has been used in MD studies of thermal properties of alkanethiolate overlayers on a Au surface 28 as well as molecular ejection induced by keV particle bombardment of benzene, 29 polystyrene oligomers, 30 and alkanethiolates 31 adsorbed on a Au(111) surface.
Au-H 2 O Interaction. An interaction potential for metalwater systems has been developed by Spohr 32 and used in a number of studies investigating H 2 O adsorption on Ni(100) 32 and Pt(111) 33 surfaces. The Spohr function consists of a Morse function combined with a corrugation term defining various surface sites for the oxygen-surface interaction and a repulsive term for the hydrogen-surface interaction. An inherent assumption in this potential is that the metal surface is rigid. Because we need the metal atoms to move and interact with the water molecules, we have modified the Spohr function so that the interactions are pairwise additive between the O and H atoms in the H 2 O molecule and the metal atoms. Our modified potential has the form with and In the Spohr function, the value of D 0 is adjusted to give an adsorption energy of 10.5 kcal/mol as determined from thermal programmed desorption experiments. 34 The values of r e1 are chosen to give the experimental distance of the water molecule from the surface. 35 The values of are chosen to give the same curvature and range as the original Spohr function. The values for all parameters in eqs 5 and 6 are listed in Table 1 .
For computational efficiency it is necessary to cutoff the M-O and M-H interactions. The M-H interaction rapidly approaches zero given the choice of parameters in Table 1 . It is thus merely truncated at 6 Å. The potential function U M-O (r) is switched to zero at a longer distance 
The switch function S 2 has the form 24
where r on and r off are the start and end distances of switch function and are set to 7.0 and 11.0 Å, respectively. Systems and MD Simulation. MD simulations have been performed for three systems. A face centered cubic crystallite composed of 1980 Au atoms arranged in nine (111) layers of 220 atoms each is used in all of the simulations. Periodic boundary conditions in the directions parallel to the surface are imposed. Three systems containing 6 layers (528 molecules), 12 layers (1056 molecules), and 24 layers (2112 molecules) are investigated. Initial H 2 O films are constructed based on a hexagonal arrangement of O atoms as in the Ih ice structure. The H 2 O molecules in the first layer, just above the Au(111) surface, are oriented so that the angles between the surface normal and both OH bonds are about 109°. The H 2 O molecules in the second layer are arranged as if each molecule has one H atom oriented to form a hydrogen bond with the O atom in the first layer and one H atom oriented to form a hydrogen bond with the O atom in the third layer. The water molecules in subsequent pairs of layers repeat the orientation patterns of those in the first and second layers.
The equations of motion are integrated using the velocity Verlet algorithm 36 in conjunction with the RATTLE constraint method 37 to maintain fixed O-H bond lengths and a fixed H-O-H bond angle. 38 On the basis of energy conservation tests, a time step of 1.0 fs is chosen.
To induce film separation, the Au surface must be quickly heated. As a first step, we have chosen to use a nearly instantaneous temperature increase in the metal substrate. A value of 1000 K is chosen for the temperature because it ensures we are above the fluence threshold as observed in bubble formation, 10 it is well above the critical temperature of H 2 O and it is below the melting temperature of Au. Because the rate of heating and the final temperature can be important, we are investigating the influence of these parameters on the film separation process. 39 The Au substrate is heated according to the following protocol. The Au atoms at the bottom layer are kept rigid in order to prevent small migrations of the sample. In addition to the forces from the MD/MC-CEM interactions, the atoms located in the next four layers are subjected to friction and stochastic forces as prescribed by the Generalized Langevin equation method. 40 The temperature of the stochastic region is maintained at 1000 K. The top four Au layers equilibrate with the stochastic region within about 3 ps. The entire Au substrate is maintained at 1000 K throughout the simulation.
Results and Discussions
In this section, we present the simulation results for H 2 O overlayers on a Au (111) surface heated to 1000 K. These results provide insight into the elementary processes involved in the fast phase transformations in the water layer adjacent to the substrate. First, we present a qualitative visual analysis of the microscopic motions in the H 2 O film. The temperature evolution in the system is then discussed. (8) Snapshots at different times during the simulations are shown in Figures 1-3 . For the 6-layer system (Figure 1) , the top approximately 4-5 layers vaporize from the surface in the form of individual molecules and very small clusters. The H 2 O molecules that remain near the surface at 60 ps will also eventually desorb by about 250 ps. For the 12-layer system ( Figure 2 ) and the 24-layer system (Figure 3) , the H 2 O molecules near the surface vaporize and push large aggregates of H 2 O molecules away from the surface, a scenario that could be relevant to the bubble formation around laser irradiated melanosomes. 10 The physics of the process observed in Figures 1-3 can be clarified by examining the temperature evolution within the H 2 O film during the course of the simulation. Contour plots showing the temperature for the three systems as a function of time and distance from the top Au layer are shown in Figure 4 . The temperature is defined by using only the radial component of the kinetic energy as in simulations of laser ablation. 41 The temperatures for phase transitions of H 2 O at 1 atm are 273 K (melting), 373 K (boiling), and about 500 K (explosive boiling 42 ). The corresponding color regimes in Figure 4 are teal for melting, green for boiling, and the pink/orange interface for explosive boiling. The temperature evolution for the six-layer system (Figure 4a) shows that the entire film attains a temperature over 500 K within approximately 20 ps. Consequently, the entire film vaporizes within the next few tens of picoseconds. For the thicker films, the thermal conductivity in the H 2 O film is sufficiently slow so that a temperature gradient is established. At around 35 ps in the 12-layer system, the water molecules located near the surface reach the temperature for explosive boiling (orange/pink boundary), whereas the top of the film is only at the boiling temperature (Figure 4b ). The effect of the phase explosion in the lower layers is to provide the acceleration for moving the molecules in the top layers outward from the surface (Figure 2 ). The temperature gradient is even more pronounced for the 24-layer system shown in Figure 4c . At approximately 50 ps the water layers near the surface approach the temperature for explosive boiling, whereas the top of the film is now only in the melting regime.
Explosive boiling, or a phase explosion, occurs when thermal energy is deposited too fast for normal boiling to happen. 43, 44, 45 Consequently, the material overheats to the limit of it thermodynamic stability, a value close to the critical temperature. It has been predicted from thermodynamic arguments that the phase transformation in this case proceeds in an explosive manner leading to a rapid decomposition of the overheated region into gas phase molecules and liquid droplets. The relevance of the phase explosion has been discussed for a number of phenomena in which a sufficiently fast heating can be realized, such as short pulse laser irradiation, 43 ,46,47 ion bombardment, 45 or pulsed electrical heating of a conducting wire. 48 A pictorial molecular-level view of the phase explosion has been provided by recent MD simulations of laser ablation. 49, 50 In the simulations presented here, the transfer of thermal energy from a hot metal substrate is shown to be sufficiently fast to overheat a thin layer of water adjacent to the metal surface well past the normal boiling point and to provide the conditions for phase explosion. In the case of the 6-layer system, the entire film of H 2 O molecules is overheated and all molecules are ejected. For the 12-and 24-layers systems, the explosive boiling occurs only in a region close to the heated substrate and generates the outward force for moving the upper part of the water overlayer away from the substrate. As a result, a lowdensity region is formed between the substrate and the top part of the water overlayer and the energy transfer from the metal surface is interrupted. In the 24-layer system, the top part of the overlayer ejects with a temperature above the boiling point but below the temperature needed for the phase explosion. The upward moving layer is cooled by intensive evaporation and is disintegrated into liquid droplets, as observed later in the 12-layer system. In the present simulations as well as in simulations performed for thicker H 2 O overlayers 51 we find that both the average temperature of the ejected layer and the ejection velocity decrease as the thickness of the overlayer increases. Simulations with thick overlayers can be related to recent experimental observation of overlayers that "jump" as a result of the energy deposition into the metal substrate by a short pulse laser irradiation. 9 In the limit of an infinitely thick overlayer, the outward force from the phase explosion would result in a compressive pressure wave propagating through the medium as observed in the experiments of the melanosomes in the transparent medium. 10 Complementary information on the film dynamics can be obtained from density contour plots shown in Figure 5 . In the initial structure of the water film, there are pairs of layers in which the O atoms have approximately the same height above the metal surface. Consequently, only three, six, and 12 white bands of density greater than 1 g/cm 3 are observed in Figure 5 for the 6-, 12-, and 24-layer systems, respectively. For all systems, the two layers of H 2 O molecules closest to the Au remain on the surface the longest because the binding energy to the surface in our computational system is greater than the cohesive energy of the water film. In the discussion below, this group of H 2 O molecules is ignored. For the 6-layer system (Figure 5a ), the density is higher near the surface and lower near the vacuum for times after 10-20 ps. Moreover, the disappearance of the crystalline order (high density regions shown as white contours) occurs first for the upper layer. At the other extreme, for the 24-layer system (Figure 5c ), a density inversion occurs. The loss of the crystalline order occurs first near the surface at approximately 35 and 20 ps later at the top of the film reflecting the temperature gradient in the film as shown in Figure 4c .
The time development of the average temperature of all H 2 O molecules is shown in Figure 6 . When the results for the 6-layer system were examined first, the temperature of the overlayer rises until about 40 ps. As can be observed from Figure 1 , the molecules are for the most part vaporized. Consistent with the physics of a phase transition, the film cools. The heating of larger 12-layer and 24-layer systems takes longer time, and the maximum average temperatures are lower.
There are possible implications of these results for both mass spectrometry with the water matrix and the bubble formation around absorbing particles. In the mass spectrometry experiments, the objective is to get the entire analyte molecule off of the surface without decomposing it and free of water molecules. From the animation snapshots in Figures 1-3 , the best conditions appear to be for the 6-layer film where most of the ejection of the material occurs as individual molecules. From the heating curve in Figure 6 , however, the thin layer appears to be the hottest. On the other hand, the thin layer rapidly cools, thus there is the possibility that the analyte molecule will not be overheated. The aggregate of molecules moving upward in the 24-layer system still has a temperature well above the boiling point as shown in Figure 4c at ∼150 ps. This aggregate will cool by an intensive vaporization, a slower cooling process than the explosive boiling. 46 Analyte molecules in this part of the H 2 O film may become rather hot. This scenario of the thin H 2 O layers being the best environment for the analyte molecule is consistent with the observed rim effect in which the best MALDI spectra occurred when taken near the edge of the ice crystals rather than in the thicker center part. 5 Although we have predicted the temperature changes in the H 2 O layer, there is a question of whether an incorporated analyte molecule will equilibrate with the matrix. Recent atomistic MD simulations 52 indicate that the energy transfer from the matrix molecules to the analyte molecule could be limited by a bottleneck in the energy transfer 53 because of the weak coupling between the internal high-frequency vibrational modes of analyte molecules and the motions of the matrix molecules.
The pictorial results of Figures 2 and 3 are reminiscent of the bubbles formed around the laser-irradiated melanosomes. 10 The full implications of the heat transfer along with the outgoing pressure wave will be investigated in simulations that maintain the external pressure and allow for the outward flow of energy.
Summary
In this work, we have developed the initial framework for a MD model that describes the dynamics of the vaporization of a H 2 O film adjacent to a laser-irradiated metal surface. The simulation results show that the H 2 O molecules are overheated and undergo an explosive boiling. The H 2 O film is found to completely desorb from the surface. The temperature and structure of the desorbed layer, however, are strongly dependent upon its thickness. This dependency appears because the region of the film associated with the phase explosion is restricted to the few layers in contact with the metal. The outward force generated by the explosion separates the water film from the metal surface, creating a low-density region. These MD results are in qualitative agreement with observations in several experiments.
Although the model presented here is clearly in its initial stages, we believe that it represents a first step in identifying the important parameters that influence explosive boiling at heated substrates. One of these parameters is the optimal H 2 O thickness for the embedded molecules to be desorbed without overheating or over-solvation in the case of mass spectrometry experiments. Other interesting questions that arises in both the mass spectrometry experiments and steam cleaning of surfaces are (i) how will incorporation of an embedded molecule influence the dynamics of desorption and (ii) how much water needs to be around a contaminant particle to lift it off. For the case of absorbing particles such as melanosomes, the impact of an outward pressure wave needs to be assessed in conjunction with the observation of irreversible damage to the cell.
The simulations presented here and in recent studies of laser ablation 49, 50 clearly demonstrate that explosive boiling can occur in a relatively short time. There are open questions about the microscopic nature of explosive boiling and its dependence on the time scale of the heating process. 44, 46, 47 Studies are underway to address these questions. 54 
